Removing nitrogen from wastewater with side stream anammox: What are the trade-offs between environmental impacts?  by Hauck, Mara et al.
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a  b  s  t  r  a  c  t
Anaerobic  ammonium  oxidation  (anammox)  is  a novel  way  to  reduce  nitrogen  in ammonium  rich waste-
water.  Although  aquatic  eutrophication  will  certainly  be  reduced,  it is unknown  how  other  environmental
impacts  may  change  by including  anammox  in  the  treatment  of  wastewater.  Here,  life cycle  assessment
(LCA)  was  used  to assess  the  environmental  proﬁle  of  a full scale  wastewater  treatment  plant  over  its
complete  life  cycle.  Changes  in  the  environmental  proﬁle  by introducing  a  two-step  anammox  system
in  the  side  stream  were  assessed  based  on monitoring  data  from  the  full  scale  Dokhaven  wastewater
treatment  plant  (Rotterdam,  The  Netherlands).  Our  results  conﬁrmed  that  the  two-step  anammox  tech-
nique further  reduced  life  cycle nitrogen  emissions  compared  to  the  regular  treatment  of nitrogen  in
wastewater.  This  led to a decrease  in marine  eutrophication  potential  of 16%  for  the  total  wastewater
treatment  plant.  However,  our  LCA results  showed  that  these  ammonium  reductions  came  at  the  costutrophication
itrogen removal
2O emissions
of increasing  climate  change  and  other  environmental  impacts.  Climate  change  impacts  increased  with
9% going  from  a traditional  wastewater  plant  to the  one  including  two-step  anammox,  due  to  increased
direct  emissions  next to  electricity  use.  Our  LCA highlights  trade-offs  when  adding  two-step  anammox  for
nitrogen  removal  in  wastewater  treatment  systems.  This  has  signiﬁcant  implications  for  other  WWTPs
as  these  trade-offs  should  not  neglected  when  implementation  of anammox  is  considered.
©  2016  The  Authors.  Published  by Elsevier  B.V. This  is  an open  access  article  under  the  CC BY  license. Introduction
Reducing nitrogen in efﬂuent of wastewater treatment plants
s one of the major goals to prevent aquatic eutrophication. The
uropean Water Framework Directive (2000/60/EC) calls for the
mplementation of the Urban Waste Water Directive (92/271/EEC).
ccording to this directive a discharge limit of 10–15 mg  N/l is
pplicable for European wastewater treatment plants (WWTP) to
ensitive areas, depending on the size of the community and that
0–80% of the initial amount of N present in the inﬂuent is removed.
alf of these (2.3–4 mg  N/l) concentrations might be achievable
ccording to the Dutch water research body (Stowa, 2013). In the
nited States 3 mg  N/l for nitrate and nitrite have been discussed
TaskGroup, 2009). According to monitoring reports (CBS et al.,
014) nitrogen concentrations in the North Sea are twice the legal
imits, indicating that marine eutrophication should be considered
s a relevant environmental problem in this area.
∗ Corresponding author.
E-mail address: mara.hauck@tno.nl (M.  Hauck).
1 Present address: TNO, Climate, Air and Sustainability, Princetonlaan 6, 3584 CB
trecht, The Netherlands.
ttp://dx.doi.org/10.1016/j.resconrec.2015.11.019
921-3449/© 2016 The Authors. Published by Elsevier B.V. This is an open access article u(http://creativecommons.org/licenses/by/4.0/).
Several authors (Vidal et al., 2002; Foley et al., 2010a; Lederer
and Rechberger, 2010; Rodriguez-Garcia et al., 2011) highlighted
the trade-off between more nitrogen removal on one hand and
higher energy demand, and related greenhouse gas emissions on
the other hand when comparing different levels of wastewater
treatment. Higher energy and chemical demands generally lead to
higher costs.
Anaerobic ammonium oxidation (anammox) has been success-
fully applied as a cost effective ammonium removal process for
wastewater streams with high nitrogen load (e.g. Jetten et al.,
2002). During anammox, ammonium and nitrite are directly cou-
pled under anoxic conditions to form dinitrogen gas. Anammox
bacteria can perform this transformation without the need for
costly aeration or an external carbon source such as methanol. Since
their postulation in the 1970s and their discovery in 1990, anam-
mox  bacteria have been the focus of a growing body of research
(see Kuenen (2008) for an overview). Potential energy beneﬁts have
been postulated for anammox in WWTPs that eliminate the trade-
off between enhanced nitrogen removal on the one hand and other
environmental problems related to energy use on the other hand
(Kartal et al., 2010; Joss et al., 2009; Siegrist et al., 2008). Others (Fux
and Siegrist, 2004) also estimate economic beneﬁts of anammox
over nitriﬁcation-denitriﬁcation.
nder the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Currently, several full scale anammox reactors are implemented
n WWTPs (see Gustavsson, 2010 for an overview). These reactors
reat ammonium rich water, mostly reject water from digesters
efore it is returned to the mainstream water line. The elevated
emperature and high nitrogen load of the reject water provides
referable conditions for anammox bacteria. The anammox process
s either preceded by aerobic ammonium oxidation to obtain an
mmonium and nitrite mixture in about equal quantities (partial
itriﬁcation, van Dongen et al., 2001), called two-step anammox,
r, increasingly, anammox and aerobic ammonium oxidation are
ombined in one reactor (one-step anammox).
Several authors have described start-up and nitrogen removal
erformance of several types of full scale anammox reactors and
eport NH4+-removal efﬁciencies up to 90% (van der Star et al.,
007; Abma et al., 2010; Rosenwinkel and Cornelius, 2005; Frijters
t al., 2007). Joss et al. (2009) also compared greenhouse gas emis-
ion from a one-step anammox reactor treating reject water to
onventional nitriﬁcation-denitriﬁcation in the mainstream water
ine. Although they found slightly higher N2O emissions from the
ne-step anammox system, total greenhouse gas emissions were
ower due to lower CO2 emissions from aeration electricity and no
arbon source addition. Desloover et al. (2011) investigated treat-
ent of industrial reject water after retroﬁtting with a combination
f partial nitriﬁcation, anammox, and nitriﬁcation-denitriﬁcation.
hey found dischargeable efﬂuents below 10 mg  N/l and reduced
nergy requirements, but higher N2O emissions. Not taking into
ccount N2O emission, Wett and Hell (2008) also found reduced
mmonium emissions and energy requirements for two  full scale
eject water treatment plants.
However, for assessing the environmental beneﬁts of adding
nammox for reject water treatment, the overall environmental
erformance of a wastewater treatment plant has to be assessed.
ife cycle assessment (LCA) is a well-suited method to include all
nvironmental impacts, also those arising for provision of mate-
ials and energy (Corominas et al., 2013; Guinée et al., 2002).
eyond above assessments of nitrogen and greenhouse gas emis-
ions and energy use during nitrogen removal and one paper
y Thibodeau et al. (2014), no life cycle assessments on anam-
ox  are known to us. Information on environmental performance
an help municipal wastewater treatment boards to decide on
ig. 1. Schematic representation of the WWTP  in Dokhaven with the nitrogen remova
oundaries employed. The grey box indicates the WWTP  Dokhaven situation in 1998, u
nammox system. The stripped blue line represents efﬂuent recirculation before implem
reen  lines biogas, red lines chemical input.and Recycling 107 (2016) 212–219 213
investing in this new technology or indicate focus points for further
optimization.
The aim of this research was  to assess the environmental life
cycle implications of nitrogen treatment by a full scale wastewa-
ter plant including two-step anammox in the sidesteam. Long-term
data from a two-step anammox process in the reject water treat-
ment in Rotterdam, The Netherlands, was used for this purpose.
Comparison to the same WWTP  with no extra nitrogen removal
from the reject water before recirculation to the mainstream water
line is also included to assess environmental beneﬁts and trade-offs.
2. Materials and methods
2.1. System description
The WWTP  in Rotterdam Dokhaven was  built in 1987 and
currently treats about 620,400 person equivalents municipal
wastewater. The local river that receives the Dokhaven WWTP
efﬂuent is a branch of the River Rhine close the North Sea.
The WWTP  is an activated sludge plant with biological nutrient
removal. Within the mainstream water line there is an activated
sludge system divided in two steps and chemical phosphorus
removal (with iron chloride dosing). The ﬁrst step, a highly loaded
A-stage (Adsorption) with mainly BOD removal, is followed by a
B-stage (“Belebung”: Aeration) with low sludge load where nitri-
ﬁcation can occur. The sludge is treated at a separate sludge
line located nearby (called Sluisjesdijk). Sludge is digested before
transport to an incineration plant. Reject water is recycled to
the mainstream wastewater treatment plant. Biogas produced
during digestion is used to generate heat for the digester and
electricity for internal use. In case heat supply by the biogas is
insufﬁcient to fulﬁl heat needs, natural gas is added. A SHARON
(Stable High rate Ammonia Removal Over Nitrite) reactor was
in full operation from 1999 to 2004 in the side stream. The
current two-step anammox process, with the SHARON reactor run-
ning as partial nitriﬁcation reactor, was  at full load in 2005. A
schematic overview of the WWTP  including sludge line and two-
step anammox and the system boundaries of the LCA, is given in
Fig. 1.
l conﬁguration investigated in this research (foreground system) and the system
sed for the comparison of a WWTP  without nitrogen removal with the two-step
entation of sludge line treatment. Blue lines indicate water, brown lines sludge,
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Table  1
Inventory data for the Dokhaven WWTP  with two-step anammox in the sludge line.
Parameter Unit Two-step anammox Source
Inﬂuent
Ntot kg/yr 1.66E+6 (WSHD, 2012)
EfﬂuentA
Ntot-N kg Ntot/kg Ntot,in 0.37 (WSHD, 2012)
Ptot-P kg Ptot/kg Ntot,in 0.02 (WSHD, 2012)
Arsenic kg/kg Ntot,in 0.03 (WSHD, 2012)
Cadmium kg/kg Ntot,in 2.42E−03 (WSHD, 2012)
Chromium kg/kg Ntot,in 0.02 (WSHD, 2012)
Copper kg/kg Ntot,in 0.09 (WSHD, 2012)
Lead  kg/kg Ntot,in 0.09 (WSHD, 2012)
Nickel  kg/kg Ntot,in 0.08 (WSHD, 2012)
Zinc  kg/kg Ntot,in 0.44 (WSHD, 2012)
Energy- and chemical consumption
Electricity A-stage kWh/kg Ntot,in 1.44 (WSHD, 2012)
Electricity B-stage kWh/kg Ntot,in 2.95 (WSHD, 2012)
Electricity aeration SHARON kWh/kg Ntot,in 0.37 (WSHD, 2012)
Electricity anammox kWh/kg Ntot,in 0.03 (WSHD, 2012)
Net  electricity water line/sludge line, otherB kWh/kg Ntot,in 3.85 (WSHD, 2012)
Methanol consumption SHARON kg/kg Ntot,in n.a.
Natural gas consumption MJ/kg Ntot,in 3.12 (WSHD, 2012)
Ironchloride kg FeCl3 (40%)/kg Ntot,in 0.99 (WSHD, 2012)
Material for infrastructure
Concrete m3/kg Ntot,in 1.15E−03 Data WHSD
Steel  anammox reactor kg steel/kg Ntot,in 2.90E−4 T. Hendrickx, personal communication
Coating anammox reactor m3/kg Ntot,in 2.97E−10 (Claassen et al., 2009)
Sludge- and biogas production
SludgeD kg wet weight/kg Ntot,in 9.42 (WSHD, 2012)
BiogasA m3/kg Ntot,in 1.31 (WSHD, 2012)
Air  emissions
CO2 fossil from methanol kg CO2/kg Ntot,in n.a. Calculated from carbon content assuming full oxidation
Direct  fossil CO2 kg CO2/kg Ntot,in 6.00E−01 (Foley et al., 2010b, Law et al., 2013)
CO2 fossil from biogas combustion kg CO2/kg Ntot,in 1.72E−01 See SI
N2O-N emissions SHARON kg N2O-N/kg Ntot,in 4.03E−03 (Kampschreur et al., 2008)
N2O-N emissions Annamox kg N2O-N/kg Ntot,in 6.88E−04 (Kampschreur et al., 2008)
N2O-N emissions A-stage kg N2O-N/kg Ntot,in 3.09E−03 (Kampschreur et al., 2008)
N2O-N emissions B-stage kg N2O-N/kg Ntot,in 3.95E−02 (Kampschreur et al., 2008)
NO-N  emissions SHARON kg NO-N/kg Ntot,in 4.74E−04 (Kampschreur et al., 2008)
NO-N  emissions Annamox kg NO-N/kg Ntot,in 4.74E−06 (Kampschreur et al., 2008)
NO-N  emissions A-stage kg NO-N/kg Ntot,in 4.76E−05 (Kampschreur et al., 2008)
NO-N  emissions B-stage kg NO-N/kg Ntot,in 4.74E−04 (Kampschreur et al., 2008)
Direct  CH4C kg CH4/kg Ntot,in 7.95E−02 (Kampschreur et al., 2008)
(A) Part of the sludge that is treated in Sluisjesdijk is from other treatment plants. Nitrogen from this external sludge is considered outside the system boundaries and
subtracted from the efﬂuent data. Likewise, biogas and electricity generation were reduced to exclude credits from other WWTP. (B) The WWTP  in Rotterdam is build
underground, which requires additional ventilation efforts. Electricity generation was  subtracted from this electricity use to derive net electricity use for ventilation. (C)
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3or  WWTP  without sludge digestion GWRC (2011) reports a emission factor of 20%
0%  to the mainstream water line. (D) For disposal of sludge, the ecoinvent process
nformation).
.2. Comparison
Wastewater treatment in Rotterdam Dokhaven was  compared
sing LCA based on the ReCiPe method (Goedkoop et al., 2012).
eCiPe was chosen because it is a state-of the-art life cycle impact
ssessment methodology that covers a wide range of environ-
ental impacts. Treatment of one kg of total nitrogen of inﬂow
hereafter: kg Nin) was chosen as functional unit. To enable easy
omparison with other LCA studies on wastewater treatment, a
unctional unit of 1 m3in treated was also employed. The waste-
ater composition and nitrogen load for the WWTP  in the year
011 has been taken as a reference (Table S1). The nitrogen inﬂow
nto the WWTP  in 2011 was 36 g/m3 in 2011 (WSHD, 2012). Efﬂu-
nt numbers and biogas production were reduced to exclude input
rom sludge originating from other WWTP  that was also treated
t Dokhaven. Lifetime assumed for the anammox reactor material
ere 15 years based on calculations by Stowa (Stowa, 2010). For
he total WWTP  the lifetime before the installation of the anammox
eactor was added to these 15 years, resulting in a total lifetime of
4 years.r. Therefore 20% of direct CH4 emissions were attributed to sludge treatment and
isposal, digester sludge, to municipal incineration’ was employed (see Supporting
2.3. Inventory data
Data for the WWTP  with two-step anammox were reported by
the waterboard Waterschap Hollandse Delta (WSHD, 2012) and
refer to the year 2011. N2O and NO emissions to air were taken
from Kampschreur et al. (2008), who  measured these emissions
for Dokhaven in one year. Kampschreur et al. (2008) report N2O-
N emissions as percentages of the N-inﬂow per reactor (1.7% for
the SHARON reactor, 0.36% for the anammox reactor). These data
were converted to emission factors of kg N2O and kg NO per kg Nin
for the A and B-stage, the SHARON/partial nitriﬁcation reactor and
the anammox reactor. The inventory data per kg Nin are shown in
Table 1, the inventory based on 1 m3in is shown in the Supporting
information (Table S2).
Emissions of CH4 from the WWTP  were included as percentage
of COD in the inﬂuent based on national inventory guidelines (IPCC,
2006; GWRC, 2011). CO2 emissions from the WWTP  were calcu-
lated assuming all total organic carbon (TOC) becomes oxidized to
CO2. Total organic carbon was  taken as 26% of COD inﬂow (Foley
et al., 2010b). 7% of the direct CO2 emissions from the WWTP  were
M.  Hauck et al. / Resources, Conservation 
Table  2
N total in efﬂuent per kg N total in the traditional, SHARON and two-step anammox
scenario.
Traditional SHARON Two-step anammox
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–kg Ntot/kg Ntot,in kg Ntot/kg Ntot,in kg Ntot/kg Ntot,in
0.44 0.41 0.37
ssumed to be of fossil origin, for example from detergents, follow-
ng Law et al. (2013). The biogenic fraction of CO2 emissions were
ot taken into account in the life cycle impact assessment because
hese likely derive from food crops with short growth cycles and
herefore are considered to have a negligible inﬂuence on global
arming (Cherubini et al., 2011). Additionally, CO2 emissions from
ombustion of biogas were estimated based on the carbon content
fom Wilsenach and van Loosdrecht, 2006) and amount of biogas
enerated. Only the fraction (7%) that was assumed to be of fossil
rigin was taken into account as direct CO2 emissions. CO2 emis-
ions from provision and consumption of natural gas were taken
rom ecoinvent (see Supporting Information for more detail).
WSHD (2012) reported an electricity use for aeration of the par-
ial nitriﬁcation reactor of 2.6 kWh  per kg NH4-N in the reactor
nﬂuent for 2011. For comparison, electricity use for areation in the
 and B stages summed up to 4.4 kWh  per kg N total in (see Table 1).
.4. Comparison with traditional WWTP
To assess the environmental beneﬁts or drawbacks of imple-
enting anammox in the sludge line of the WWTP, the
mpacts of the WWTP  with two-step anammox were compared
o impacts from traditional wastewater treatment with only
itriﬁcation–denitriﬁcation in the main line, reject water recir-
ulation and no additional nitrogen removal from the digester
eject water. Additionally, an intermediate scenario, where nitro-
en is removed from the reject water in sludge line via SHARON
as included. These assessments were based on data from the
ame WWTP  before implementation of the anammox (unpub-
ished waterboard data). Table 2 shows the differences in N efﬂuent
etween the three scenarios, the complete inventory for these sce-
arios is shown in Tables S4a and S4b.
.5. Sensitivity and uncertainty analysis
To assess the robustness of the results and the effects of
ncertainty in inventory data on the impact results, uncertainty
stimates were included. In the uncertainty analysis, the following
arameters were assessed:
 Higher total nitrogen emissions: Total nitrogen emissions ﬂuc-
tuated over the years during which the two-step anammox was
used in Dokhaven. Emissions were low in 2011 (the year calcula-
tions were based on). Therefore, results are also presented for the
year with highest total nitrogen emissions (2010 based on data
from WSHD).
 Ranges for N2O emissions from two-step anammox and water
line: N2O emissions were based on measurements in one year
and might be subject to changes. For full scale anammox and
partial nitriﬁcation reactors, few measurements of greenhouse
gas and in particular N2O emissions are available in the literature
for different reactors for the separated steps (Joss et al., 2009;
Desloover et al., 2011; Kampschreur et al., 2008; Mampaey et al.,
2011; Kampschreur et al., 2009a; Okabe et al., 2011; Law et al.,
2011). Therefore, alternative low and high N2O emission factors
from the anammox and partial nitriﬁcation reactor were taken
from literature referring to lab studies (Okabe et al., 2011, Law
et al., 2011) (see Table S5) to estimate possible ranges in N2Oand Recycling 107 (2016) 212–219 215
emission from the two-step anammox system. For N2O emissions
from the mainstream water line high and low values were also
taken from literature (Kampschreur et al., 2009b).
– Nitrogen emissions from other anammox process conﬁgurations
could be different. Joss et al. (2009) report N2O emissions and
electricity use and Kampschreur et al. (2009a) report N2O emis-
sions from one-step anammox reactors treating reject water. We
used their reported data to replace the emissions and electricity
from our two-step anammox. No data are available that cover a
complete WWTP  with one-step anammox, therefore we assumed
the rest of the WWTP  to be equal to our study. These calcula-
tions are indented to give a ﬁrst impression on how performances
compare (see Table S6).
– Lower electricity use for partial nitriﬁcation reactor: Electricity
use for the partial nitriﬁcation reactor was  high in 2011 compared
to earlier years and also assessed with an alternative value from
another year (2010 based on data from WSHD).
– CH4 emissions from WWTP: Emission factors per COD inﬂuent
were applied to estimate CH4 emissions (IPCC, 2006, GWRC, 2011,
Doka, 2007). Daelman et al. (2012) report ranges in CH4 emis-
sion factors from 0.008 to 0.013 kg CH4/kg COD in the inﬂuent
for WWTPs with an anaerobic digester. These are used to assess
possible uncertainty in results due to uncertainty in CH4 emission
factors.
– Infrastructure needs depend on the lifetime of the WWTP. Life-
times are estimates based on literature and current age. Actual
usage years of WWTP  infrastructure might deviate from these
numbers. Therefore as sensitivity test a factor of 10 higher or
lower infrastructural needs for the anammox reactor and the
WWTP  were also included.
3. Results
Fig. 2 shows the contribution of different parts of the WWTP
(direct emissions, two-step anammox, electricity and ‘iron chlo-
ride dosage for phosphorus removal’) to each impact category.
Direct emissions from the WWTP  encompass efﬂuent emissions of
nitrogen compounds, phosphorus and metals and greenhouse gas
emissions to air. Two-step anammox related emissions encompass
electricity and infrastructure for the two-step anammox reactors
and direct N2O emissions from these reactors. ‘Other’ encompasses
impacts from provision of natural gas, and sludge disposal. Absolute
characterized impact scores are shown in Table S7 in the Sup-
porting Information for kg Nin and m3in. Direct water emissions of
nitrogen compounds and metals contributed dominantly to marine
eutrophication and to human and aquatic toxicities, respectively.
Direct greenhouse gas emission from the WWTP  contributed dom-
inantly to climate change. Provision of iron chloride contributed
dominantly to ozone depletion. Iron chloride also contributed most
to terrestrial acidiﬁcation, water depletion, metal depletion, land
occupation and transformation. The contribution of the two-step
anammox was  small for all impact categories, but highest for cli-
mate change.
3.1. Comparison to WWTP  without additional nitrogen removal
Fig. 3 compares the marine eutrophication and climate impacts
of the WWTP  Dokhaven with two-step anammox with traditional
wastewater treatment without anammox (based on Dokhaven in
1998). The differences in impacts between the SHARON and the
traditional WWTP  are also shown. Climate change impacts were 9%
higher for two-step anammox and marine eutrophication impacts
were 16% lower for two-step anammox compared to the tradi-
tional WWTP. For the comparison of the SHARON scenario with
the traditional WWTP, a decrease in marine eutrophication (5%)
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Fig. 2. Contribution of parts of the WWTP  Dokhaven to the total impact of treating 1 kg Nin for each impact category: diagonal stripes: electricity; light grey: direct emissions
from  WWTP; black: all interventions related to the two-step anammox; dotted: iron chloride; dark grey: other processes.
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Fig. 4. Contribution of different process stages in the two-step anammox WWTP.
The category ‘Other processes’ refers to electricity use for general ventilation, natural
gas  consumption and sludge disposal. The contribution of the various greenhouse
gases per process step is also shown.
Table 3
Changes in climate change impacts due to changes in parameters
assessed in the sensitivity and uncertainty analysis in percentage rel-
ative to the original result.
Tradi tional SHARON  Two-step anammox  or the two-step anammox, the SHARON and the traditional WWTP  scaled to the
ighest impact (light grey indicates the traditional scenario, black the two-step
nammox, dark grey the SHARON scenario).
as found and an increase in climate change comparable to the
wo-step anammox WWTP. All other impacts increased by less
han 3% for the two-step anammox scenario (see Fig. S2). Most
mpacts increased 2–3% due to increase in electricity use. Impact
ategories more inﬂuenced by direct emissions, such as toxicity
nd freshwater eutrophication impacts increased less than one per-
ent. Impacts increased slightly more for the SHARON scenario
with maximum of 10% for natural land transformation, see Fig. S1)
elated to methanol consumption in addition to increased electric-
ty use. As can be seen in Fig. 2 marine eutrophication impacts are
or almost 100% caused by direct nitrogen emissions from WWTP.
ontributions to climate change are shown in more detail in Fig. 4.
The contribution of direct and upstream emissions to climate
hange impacts from the WWTP  with two-step anammox can be
een in Fig. 4. Climate change impacts were mainly caused by direct
reenhouse gas emission from WWTP, including biogas combus-
ion. The main contributors were N2O emissions from the water
ine (mainly B-stage)..2. Sensitivity and uncertainty results
Higher total nitrogen emission increased marine eutrophication
mpacts by 33%. Table 3 shows changes in climate change impactskg Ntot/kg Ntot,in  kg Ntot/kg Ntot,in  kg Ntot/kg Ntot,in  
0.44 0.41 0.37 
derived with values for the uncertainty ranges compared to the
original results. Uncertainty in N2O emissions from the water line
had the highest impact on results. However, these uncertainties
exist for a WWTP  with and without anammox. Uncertainties that
occur only for the WWTP  including two-step anammox (above dot-
ted line in Table 3) were much smaller and mainly related to N2O
emissions from the partial nitriﬁcation reactor.
4. Discussion
The discussion starts with a critical assessment of the uncer-
tainties in the LCA of WWTP  with two-step anammox, including the
results from the sensitivity analysis. After that, the results are inter-
preted regarding the differences between WWTP  with and without
anammox and the contribution of different processes to climate
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hange from the two-step anammox. Finally, other potential nitro-
en removal technologies are shortly discussed.
.1. Uncertainties
Some aspects could not be taken into account in the current
tudy, such as minor infrastructural changes, such as pumps for
he SHARON and anammox reactors and the provision of biomass
o start the anammox reactor. Infrastructure for the whole WWTP
as approximated by the use of concrete. As the total WWTP  is built
n piles in a former harbour and underground, use of concrete was
xpected to be a dominant aspect of infrastructure material. Other
nfrastructural changes are not expected to inﬂuence results signif-
cantly, as the inﬂuence of major infrastructure for the anammox
eactor and the WWTP  on our results was small (e.g. changes <1%
n the sensitivity analysis). Fig. 4 also showed a negligible inﬂuence
f the reactor material of the anammox reactor on total climate
hange impacts (within indirect CO2 emissions from anammox
eactor). Other authors (Ortiz et al., 2007; Remy and Jekel, 2008),
owever, found that infrastructure, including the sewage system,
nd assembly could contribute up to 20–40% to total impact for
verall impact or some impact categories (energy demand, abiotic
epletion, climate change and human toxicity), highlighting, these
onclusions could be very case- and system boundary speciﬁc.
.1.1. Uncertainty estimations
Our calculations were performed for the year 2011. However,
otal nitrogen emissions ﬂuctuated between 2007 and 2011. Total
itrogen removal efﬁciencies in these years varied from 51% to 63%
average 58%). For SHARON in the side stream, efﬁciencies ranged
rom 52% to 60% over the years 2002–2004. This ranges in nitro-
en removal efﬁciencies are reﬂected in the uncertainty in marine
utrophication potential.
N2O emissions from anammox and partial nitriﬁcation reactors
ight be subject to uncertainties. Grouping together the lowest
missions for the anammox and partial nitriﬁcation reactors on
he one hand and the highest emissions of both reactors on the
ther, leads to greenhouse gas emissions that could be 3% lower
r 10% higher respectively, for the combined two-step anammox.
n our study, N2O emissions from the mainstream water line (par-
icularly the B-stage) contributed most to global warming impacts.
n our study emissions were about 4% for the mainstream water
ine. However, ranges reported in literature are high. In a review of
ctivated sludge processes in the United States, Ahn et al. (2010)
ound a range of 0.01–4.8% of N2O emission of Kjeldahl nitrogen
nﬂow. Kampschreur et al. (2009b) indicated ranges in N2O emis-
ion from full scale wastewater treatment of 0–14.6% of the inﬂuent
itrogen. Taking this largest range led to the largest variation in cli-
ate change impact in Table 2, highlighting the need for improved
nderstanding of N2O emissions from wastewater treatment.
According to several sources (Mampaey et al., 2011;
ampschreur et al., 2009b; Ahn et al., 2010) N2O emissions
re largely inﬂuenced by oxygen and nitrite levels, indicating that
rocess management likely can inﬂuence N2O emissions levels at
east to a comparable extent as technology choice. In our study,
easurements from the WWTP  under consideration were applied.
hese are expected to be the best estimates for our case study.
owever, transferring absolute numbers to other WWTP  will likely
e accompanied by high uncertainties.
.2. Interpretation of the results.2.1. Comparison of WWTP  with and without anammox
Results are related to the total WWTP  to show the effects of
ull scale implementation of anammox. The plant had a total nitro-
en removal efﬁciency of about 60%. However, efﬁciency of theand Recycling 107 (2016) 212–219 217
anammox reactor for N (total) was  about 85–90% (WSHD, 2012).
This difference is explained by the relatively small contribution of
the reject water to the total inﬂuent (less than 20%).
Next to climate change, other environmental impacts (with
exception of marine eutrophication) also increased from the tradi-
tional WWTP  to the one with two-step anammox due to electricity
and material use in the non-traditional scenario. Increases were
even higher for the SHARON reactor, particularly for ozone deple-
tion and natural land transformation. These additional increases
were due to methanol consumption (4% of the increase for ozone
depletion and 2% for natural land transformation). Although elec-
tricity use for reactors is used for aeration as in other WWTPs,
total absolute electricity use numbers should not be extrapo-
lated because the WWTP  in Rotterdam is build underground and
therefore requires additional ventilation efforts. The inﬂuence of
electricity use on most environmental impacts categories of waste-
water treatment has also been shown by other authors (Pasqualino
et al., 2009; Hospido et al., 2008; Ortiz et al., 2007) and is conﬁrmed
by our results.
Direct GHG and in particular N2O emissions, however, were
only taken into account in one of these studies (Pasqualino et al.,
2009). Several authors (Desloover et al., 2011; Rodriguez-Garcia
et al., 2012) highlighted the importance of taking into account N2O
emissions as they might be more inﬂuential than climate change
impacts from electricity use by WWTPs. Rodriguez-Garcia et al.
(2012) report that direct N2O emissions can be a factor of 8 higher
than CO2 equivalent emissions related to electricity use. We  found
a factor of 5 higher contributions of direct N2O emissions com-
pared to CO2 emissions from electricity production in the anammox
scenario. Higher N2O emissions, mainly from the partial nitriﬁca-
tion reactor, led to higher climate change impacts for the two-step
anammox scenario. This is consistent with ﬁndings by Desloover
et al. (2011). They investigated a system including a two-step anam-
mox  approach and identiﬁed that the partial nitriﬁcation reactor
was an important source of N2O emissions. Schaubroeck et al.
(2015) compared a one-stage partial nitriﬁcation-anammox system
for side stream treatment to nitriﬁcation-denitriﬁcation for side
stream treatment and an one-stage partial nitriﬁcation-anammox
system in the main line (replacing the B-stage). They also conclude
that N2O emissions should be controlled for the one step anammox
to achieve an overall environmental beneﬁt.
Schaubroeck et al. (2015) report N2O emissions from the one
step anammox of 1–1.3% of the N in the inﬂow, which is slightly
higher than our values. For one stage anammox in the mainline,
they even report N2O emissions of about 2% of nitrogen input.
For nitriﬁcation–denitriﬁcation in the sideline Schaubroeck et al.
(2015) report N2O emissions of 1.3–6.5%, which encompasses our
mainline values. For nitriﬁcation–denitriﬁcation in the mainline,
however, they report about 0.007%, a value substantially lower than
ours (about 4% for A and B stage). Emissions from the two step
anammox system in our study, on the other hand, were about 0.5%,
indicating, in our case anammox could lead to lower N2O emissions
if replacing nitriﬁcation-denitriﬁcation.
The climate change trade-off of reduced N emissions using
anammox depends on the magnitude of N2O emissions in the orig-
inal system. If mainline N2O emissions are lower than in our case,
the increase in N2O emissions from an anammox system would
be relatively more important. With the mainline nitriﬁcation-
denitriﬁcation emissions found by Schaubroeck et al. (2015), even
the emissions from the two-step anammox found in our study
would be a substantial addition to the emissions without sludge-
line treatment. For lower N2O emissions, the relative contribution
of electricity input to climate change could increase. This could also
be the case for a lower internal electricity production (which was
about 24% in our case in 2011 for biogas from Dokhaven sludge).
Possibly, accumulation of N2O can be decreased by reducing the
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noxic period (Kampschreur et al., 2008). Avoiding the anoxic
eriod altogether would likely demand another reactor design and
equires further research (Kampschreur et al., 2008).
Other considerations, such as investment and maintenance
osts, can be important for technology choices. Stowa (2008)
eports investment and operational costs for using a SHARON reac-
or and a two-step anammox. Transferring these to our functional
nit, for Dokhaven 2011, results in a cost-effectiveness advantage
or the anammox reactor of about 30% (0.15 vs. 0.20 D /kg Nin). These
alculations are detailed in the Supporting Information.
.3. Conclusions
We  found that anammox can achieve higher nitrogen removal
han no side stream treatment or use of SHARON only without
ncrease in electricity use due to the anammox reactor, in line
ith earlier calculations (Kartal et al., 2010). However, the electric-
ty use increased for the partial nitriﬁcation reactor. Furthermore,
ncreased N2O emissions from the partial nitriﬁcation reactor could
ffset beneﬁts from using anammox. Thibodeau et al. (2014) found
hat using nitriﬁcation-anammox in the sidestream increased cli-
ate change impacts compared to a system without sidestream
reatment, due to the N2O emissions. In our study, N2O emissions
rom the partial nitriﬁcation reactor were relatively small com-
ared to the main line. This indicates, N2O emissions also from
raditional nitriﬁcation-denitriﬁcation should not be neglected in
CA studies of wastewater treatment.
Our results are widely important for wastewater treatment as
rade-offs should be considered when choosing anammox. For wide
pread implementation of anammox, alternative conﬁgurations,
uch as smaller reactors allowing for less aeration, or a one-step
nammox with low aeration should be considered. Joss et al. (2009)
nd Kampschreur et al. (2009a) found lower N2O emissions from a
ne-step anammox reactor than for the partial nitriﬁcation reactor
n Dokhaven (see Table 2). Next to reactor design, N2O emission
ight be inﬂuenced by process management such as aeration
ycles. Joss et al. (2009) found lower N2O emission when continu-
us aeration was  used. Contrastingly, Domingo-Felez et al. (2014)
ound lower N2O emissions, with shorter and more frequent aera-
ion stages.
If low temperature anammox would replace nitriﬁcation–
enitriﬁcation in the mainstream water line of the WWTP, as cur-
ently investigated (e.g. Hu et al., 2013; Lotti et al., 2014) but not yet
mplemented in a wastewater treatment plant, larger eutrophica-
ion beneﬁts may  be found, without increasing or even reducing
limate change effects. For example, transferring the nitrogen
emoval efﬁciency of the anammox reactor to the main line could
mprove the overall nitrogen removal efﬁciencies from about 50% to
bout 85% (for 2010 data) and reduce electricity use as well. How-
ver, ﬁrst results by Schaubroeck et al. (2015) indicate one stage
nammox in the mainline could provide larger environmental ben-
ﬁts than side stream treatment, but highlight that increased N2O
missions could also occur in this conﬁguration. The WWTPs inves-
igated in their studies, were designed for energy self-sufﬁciency,
ndicating anammox in the mainline could decrease chemical and
lectricity usage, even for comparable nitrogen removal efﬁcien-
ies. Further research on this one-step anammox conﬁguration as
ell as reducing N2O emissions is recommended.
cknowledgementThis study was supported by erc proof of concept grant
ta nitro 297436. MSM  Jetten was further supported by erc
nammox 232937. M.  Hauck was further supported by the
utch National Institute for Public Health and the Environmentand Recycling 107 (2016) 212–219
RIVM-project S/607020, Measurably Sustainable within the spear-
head Healthy and Sustainable Living Environment, commissioned
by the Director-General of RIVM, and run under the auspices of
RIVM’s Science Advisory Board.
Appendix A. Supplementary data
Supplementary data associated with this article can be found,
in the online version, at http://dx.doi.org/10.1016/j.resconrec.2015.
11.019.
References
Abma, W.R., Driessen, W.,  Haarhuis, R., van Loosdrecht, M.C.M., 2010. Upgrading of
sewage treatment plant by sustainable and cost-effective separate treatment
of industrial wastewater. Water Sci. Technol. 61 (7), 1715–1722.
Ahn, J.H., Kim, S., Park, H., Rahm, B., Pagilla, K., Chandran, K., 2010. N2O emissions
from activated sludge processes, 2008–2009: results of a national monitoring
survey in the United States. Environ. Sci. Technol. 44 (12), 4505–4511.
CBS, PBL, UR, W,  2014. Milieucondities in water en natuurgebieden, 1990–2010
(indicator 1522, versie 04, 7 mei 2014). CBS, D.H.P.v.d.L., Den Haag/Bilthoven
en Wageningen UR, Wageningen. Centraal Bureau Statistiek.
Cherubini, F., Peters, G.P., Berntsen, T., Stromman, A.H., Hertwich, E., 2011. CO2
emissions from biomass combustion for bioenergy: atmospheric decay and
contribution to global warming. Global Change Biol. Bioenergy 3 (5), 413–426.
Claassen, M., Althaus, H.J., Blaser, S., Tuchschmid, M.,  Jungbluth, N., Doka, G., Faist
Emmenegger, M., Scharnhorst, W.,  2009. Life-cycle inventories of metals. Final
report ecoinvent data v. 2.1, No. 10. EMPA Duebendorf, Swiss Center for Life
Cycle Inventories, Duebendorf, CH, pp. 926.
Corominas, L., Foley, J., Guest, J.S., Hospido, A., Larsen, H.F., Morera, S., Shaw, A.,
2013. Life cycle assessment applied to wastewater treatment: state of the art.
Water Res. 47 (15), 5480–5492.
Daelman, M.R.J., van Voorthuizen, E.M., van Dongen, U., Volcke, E.I.P., van
Loosdrecht, M.C.M., 2012. Methane emission during municipal wastewater
treatment. Water Res. 46 (11), 3657–3670.
Desloover, J., De Clippeleir, H., Boeckx, P., Du Laing, G., Colsen, J., Verstraete, W.,
Vlaeminck, S.E., 2011. Floc-based sequential partial nitritation and anammox
at full scale with contrasting N2O emissions. Water Res. 45 (9), 2811–2821.
Doka, G., 2007. Life cycle assessments. Part IV Wastewater treatment. ecoinvent
(ed). BUWAL/BFE/ASTRA/BLW, Duebendorf, Switzerland, pp. 60.
Domingo-Felez, C., Mutlu, A.G., Jensen, M.M.,  Smets, B.F., 2014. Aeration strategies
to  mitigate nitrous oxide emissions from single-stage nitritation/anammox
reactors. Environ. Sci. Technol. 48 (15), 8679–8687.
Foley, J.M., Rozendal, R.A., Hertle, C.K., Lant, P.A., Rabaey, K., 2010a. Life cycle
assessment of high-rate anaerobic treatment, microbial fuel cells, and
microbial electrolysis cells. Environ. Sci. Technol. 44 (9), 3629–3637.
Foley, J., de Haas, D., Hartley, K., Lant, P., 2010b. Comprehensive life cycle
inventories of alternative wastewater treatment systems. Water Res. 44 (5),
1654–1666.
Frijters, C.T.M.J., Silvius, M.,  Fischer, J., Haarhuis, R., Mulder, R., 2007. Full-scale
applications for both COD and nutrient removal in a CIRCOX (R) airlift reactor.
Water Sci. Technol. 55 (8–9), 107–114.
Fux, C., Siegrist, H., 2004. Nitrogen removal from sludge digester liquids by
nitriﬁcation/denitriﬁcation or partial nitritation/anammox: environmental and
economical considerations. Water Sci. Technol. 50 (10), 19–26.
Goedkoop, M.J., Heijungs, R., Huijbregts, M.A.J., De Schryver, A., Struijs, J., Van Zelm,
R.,  2012. ReCiPe 2008: a life cycle impact assessment method which comprises
harmonised category indicators at the midpoint and the endpoint level. In:
First edition Report I: Characterisation. RIVM, C., Pre Consultants, Radboud
University Nijmegen. VROM, Den Haag, Netherlands, pp. 130.
Guinée, J.B., Gorrée, M.,  Heijungs, R., Huppes, G., Kleijn, R., Koning, A., de Oers, L.,
van Wegener Sleeswijk, A., Suh, S., Udo de Haes, H.A., Bruijn, H., de Duin, R.,
van Huijbregts, M.A.J., 2002. Handbook on Life Cycle Assessment. Operational
Guide to the ISO Standards. I: LCA in Perspective. IIa: Guide. IIb: Operational
Annex. III: Scientiﬁc Background. Kluwer Academic Publishers, Dordrecht, pp.
692 pp, ISBN 1-4020-0228-9.
Gustavsson, D.J.I., 2010. Biological sludge liquor treatment at municipal
wastewater treatment plants – a review. VATTEN 66, 179–192.
GWRC, 2011. In: Coalition, G.W.R. (Ed.), N2O and CH4 Emissions from Wastewater
Collection and Treatment Systems – Technical Report. Global Water Research
Coalition, London, UK, p. 165.
Hospido, A., Moreira, M.T., Feijoo, G., 2008. A comparison of municipal wastewater
treatment plants for big centres of population in Galicia (Spain). Int. J. Life
Cycle Assess. 13 (1), 57–64.
Hu, Z., Lotti, T., de Kreuk, M.,  Kleerebezem, R., van Loosdrecht, M.,  Kruit, J., Jetten,
M.S.M., Kartal, B., 2013. Nitrogen removal by a nitritation-anammox bioreactor
at  low temperature. Appl. Environ. Microbiol. 79 (8), 2807–2812.IPCC., 2006. IPCC guidelines for national greenhouse gas inventories. In: Simon
Eggelston, L.B., Miwa, K., Ngara, T., Tanabe, K. (Eds.), Prepared by National
Greenhouse Gas Inventories Programme, Hayama, Japan.
Jetten, M.S.M., Schmid, M.,  Schmidt, I., Wubben, M.,  van Dongen, U., Abma, W.,
Sliekers, O., Peter Revsbech, N., Beaumont, H.J.E., Ottosen, L., Volcke, E.,
ation 
J
K
K
K
K
K
L
L
L
L
M
O
O
P
RM.  Hauck et al. / Resources, Conserv
Laanbroek, H.J., Campos-Gomez, J.L., Cole, J., van Loosdrecht, M., Mulder, J.W.,
Fuerst, J., Richardson, D., van de Pas, K., Mendez-Pampin, R., Third, K., Cirpus, I.,
van Spanning, R., Bollmann, A., Nielsen, L.P., den Camp, H.O., Schultz, C.,
Gundersen, J., Vanrolleghem, P., Strous, M.,  Wagner, M., Kuenen, J.G., 2002.
Improved nitrogen removal by application of new nitrogen-cycle bacteria. Rev.
Environ. Sci. Biotechnol. 1, 51–63.
oss, A., Salzgeber, D., Eugster, J., Konig, R., Rottermann, K., Burger, S., Fabijan, P.,
Leumann, S., Mohn, J., Siegrist, H., 2009. Full-scale nitrogen removal from
digester liquid with partial nitritation and anammox in one SBR. Environ. Sci.
Technol. 43 (14), 5301–5306.
ampschreur, M.J., van der Star, W.R.L., Wielders, H.A., Mulder, J.W., Jetten, M.S.M.,
van Loosdrecht, M.C.M., 2008. Dynamics of nitric oxide and nitrous oxide
emission during full-scale reject water treatment. Water Res. 42 (3), 812–826.
ampschreur, M.J., Poldermans, R., Kleerebezem, R., van der Star, W.R.L., Haarhuis,
R.,  Abma, W.R., Jetten, M.S.M., van Loosdrecht, M.C.M., 2009a. Emission of
nitrous oxide and nitric oxide from a full-scale single-stage
nitritation-anammox reactor. Water Sci. Technol. 60 (12), 3211–3217.
ampschreur, M.J., Temmink, H., Kleerebezem, R., Jetten, M.S.M., van Loosdrecht,
M.C.M., 2009b. Nitrous oxide emission during wastewater treatment. Water
Res.  43 (17), 4093–4103.
artal, B., Kuenen, J.G., van Loosdrecht, M.C.M., 2010. Sewage treatment with
anammox. Science 328 (5979), 702–703.
uenen, J.G., 2008. Anammox bacteria: from discovery to application. Nat. Rev.
Microbiol. 6 (4), 320–326.
aw, Y., Lant, P., Yuan, Z., 2011. The effect of pH on N2O production under aerobic
conditions in a partial nitritation system. Water Res. 45 (18), 5934–5944.
aw, Y., Jacobsen, G.E., Smith, A.M., Yuan, Z., Lant, P., 2013. Fossil organic carbon in
wastewater and its fate in treatment plants. Water Res. 47 (14), 5270–5281.
ederer, J., Rechberger, H., 2010. Comparative goal-oriented assessment of
conventional and alternative sewage sludge treatment options. Waste Manage.
30  (6), 1043–1056.
otti, T., Kleerebezem, R., van Erp Taalman Kip, C., Hendrickx, T.L.G., Kruit, J.,
Hoekstra, M.,  van Loosdrecht, M.C.M., 2014. Anammox growth on pretreated
municipal wastewater. Environ. Sci. Technol. 48 (14), 7874–7880.
ampaey, K.E., Beuckels, B., Kampschreur, M.,  Kleerebezem, R., Van Loosdrecht,
M.C.M., Volcke, E.I.P., 2011. Modelling nitrous oxide emissions from a Sharon
reactor. Commun. Agric. Appl. Biol. Sci. 76 (1), 21–24.
kabe, S., Oshiki, M.,  Takahashi, Y., Satoh, H., 2011. N2O emission from a partial
nitriﬁcation-anammox process and identiﬁcation of a key biological process of
N2O emission from anammox granules. Water Res. 45 (19), 6461–6470.
rtiz, M.,  Raluy, R.G., Serra, L., Uche, J., 2007. Life cycle assessment of water
treatment technologies: wastewater and water-reuse in a small town.
Desalination 204 (1–3), 121–131.
asqualino, J.C., Meneses, M.,  Abella, M.,  Castells, F., 2009. LCA as a decision support
tool for the environmental improvement of the operation of a municipal
wastewater treatment plant. Environ. Sci. Technol. 43 (9), 3300–3307.
emy, C., Jekel, M.,  2008. Sustainable wastewater management: life cycle
assessment of conventional and source-separating urban sanitation systems.
Water Sci. Technol. 58 (8), 1555–1562.and Recycling 107 (2016) 212–219 219
Rodriguez-Garcia, G., Molinos-Senante, M.,  Hospido, A., Hernandez-Sancho, F.,
Moreira, M.T., Feijoo, G., 2011. Environmental and economic proﬁle of six
typologies of wastewater treatment plants. Water Res. 45 (18), 5997–6010.
Rodriguez-Garcia, G., Hospido, A., Bagley, D.M., Moreira, M.T., Feijoo, G., 2012. A
methodology to estimate greenhouse gases emissions in Life Cycle Inventories
of wastewater treatment plants. Environ. Impact Assess. Rev. 37 (0), 37–46.
Rosenwinkel, K.H., Cornelius, A., 2005. Deammoniﬁcation in the moving-bed
process for the treatment of wastewater with high ammonia content. Chem.
Eng. Technol. 28 (1), 49.
Schaubroeck, T., De Clippeleir, H., Weissenbacher, N., Dewulf, J., Boeckx, P.,
Vlaeminck, S.E., Wett, B., 2015. Environmental sustainability of an energy
self-sufﬁcient sewage treatment plant: improvements through DEMON  and
co-digestion. Water Res. 74, 166–179, http://dx.doi.org/10.1016/j.watres.2015.
02.013.
Siegrist, H., Salzgeber, D., Eugster, J., Joss, A., 2008. Anammox brings WWTP  closer
to energy autarky due to increased biogas production and reduced aeration
energy for N-removal. Water Sci. Technol. 57 (3), 383–388.
Stowa, 2008. SHARON-Anammox systemen. Evaluatie van
rejectiewaterbehandeling op slibverwerkingsbedrijf Sluisjesdijk. waterbeheer,
S.t.o. (ed). Stichting toegepast onderzoek waterbeheer, Utrecht, pp. 47.
Stowa, 2010. Slibketenstudie II. Nieuwe technieken in de slibketen. Stichting
toegepast wateronderzoek, Amersfoort, pp. 127.
Stowa, 2013. Aﬂeiden ecologische stikstof en fosfaat efﬂuenteisen voor RWZI’s –
Generieke beslismethode. Stichting toegepast wateronderzoek, Amersfoort.
TaskGroup, 2009. An Urgent Call to Action – Report of the State-EPA Nutrient
Innovations Task Group. Group, S.-E.N.I.T. State-EPA Nutrient Innovations Task
Group, Washington, pp. 170.
Thibodeau, C., Monette, F., Glaus, M.,  2014. Comparison of development scenarios
for black water source-separation sanitation system using life cycle assessment
and  environmental life cycle costing. Resour. Conserv. Recycl. 92, 38–54.
van der Star, W.R.L., Abma, W.R., Blommers, D., Mulder, J.W., Tokutomi, T., Strous,
M.,  Picioreanu, C., Van Loosdrecht, M.C.M., 2007. Startup of reactors for anoxic
ammonium oxidation: experiences from the ﬁrst full-scale anammox reactor
in  Rotterdam. Water Res. 41 (18), 4149–4163.
van Dongen, U., Jetten, M.S.M., van Loosdrecht, M.C.M., 2001. The
SHARON((R))-Anammox((R)) process for treatment of ammonium rich
wastewater. Water Sci. Technol. 44 (1), 153–160.
Vidal, N., Poch, M., Marti, E., Rodriguez-Roda, I., 2002. Evaluation of the
environmental implications to include structural changes in a wastewater
treatment plant. J. Chem. Technol. Biotechnol. 77 (11), 1206–1211.
Wett, B., Hell, M., 2008. Operating Experience with the DEMON® Process for
Deammoniﬁcation of Process Water, vol. 55(3). Kommunale
Abwasserbehandelung, Korrespondenz Abwasser, Abfall.
Wilsenach, J.A., van Loosdrecht, M.C.M., 2006. Integration of processes to treat
wastewater and source-separated urine. J. Environ. Eng. – A 132 (3), 331–341.
WSHD, 2010. In: Delta, W.H. (Ed.), Prestaties Programma Zuiveren 2010.
Waterschap Hollandse Delta, Ridderkerk, p. 140.
WSHD., 2012. Waterketenrapportage 2011. Waterschap Hollandse Delta,
Ridderkerk, pp. 116.
